In this paper, a pseudo-ternary (La 0:5 Ce 0:5 ) 65 Al 10 Co 25 alloy with high glass-forming ability (GFA), identified by the formation of glassy rods up to 12 mm in diameter by copper mold casting, was reported. Furthermore, according to the viewpoint that similar element coexistence can be beneficial to improve the GFA, Cu was chosen as the similar element to substitute for solute Co in (La 0:5 Ce 0:5 ) 65 Al 10 (Co 1Àx Cu x ) 25 alloys (0 x 1). The influence of this substitution on thermal stability, melting and solidification behaviors of these metallic glasses was evaluated. The optimized (La 0:5 Ce 0:5 ) 65 Al 10 (Co 0:6 Cu 0:4 ) 25 alloy with high reduced glass transition temperature (0.66) and the large nominal supercooled degree (114 K) can form the fully glassy rods up to at least 25 mm in diameter by tilt-pour casting.
Introduction
Since the first lanthanide based bulk metallic glass (BMG), La-Al-Ni, of 2.5 mm in diameter was produced by copper mold casting in 1989, the composition exploration for new rare earth based BMGs with higher glass-forming ability (GFA) in multi-component alloys has attracted increasing interests because the GFA of metallic glasses is significant for scientific research and further commercial application. 1, 2) In following years, great successes have been achieved. Many rare earth based alloys, such as Y-, La-, Ce-, Nd-, misch metal-based BMGs, with superior GFA were pinpointed through the elemental addition and substitution method to obtain the multi-component alloys. [3] [4] [5] [6] [7] [8] [9] [10] [11] However, how to choose elements to construct multi-component alloys with high GFA still befuddles researchers. Recently, we reported that the GFA of ternary Ln-Al-Co (Ln = La, Ce, Pr and Nd, respectively) BMGs can be evidently improved by substituting multi-lanthanide atoms for single-lanthanide solvent atoms to form (Ce-La-Pr-Nd)-Al-Co BMG.
5) The obvious improvement of GFA implies that the coexistence of elements with similar atomic sizes and various valence electronic structures has the significant positive effect on the GFA of BMGs. We can also find out the positive effect of similar element coexistence on GFA in other glassy systems, such as the coexistence of solvent elements in (Pd-Pt)-, (FeCo)-and (Ni-Fe)-based alloy systems [12] [13] [14] [15] and of solute elements in Zr-, Pt-, Pd-and La-based alloy systems, 4, [16] [17] [18] in which GFA can be increased remarkably by the similar element coexistence.
In this work, we firstly developed a ''simple'' pseudoternary (La 0:5 Ce 0:5 ) 65 Al 10 Co 25 alloy with high GFA comparing with the (Ce-La-Pr-Nd)-Al-Co alloy comprising four kinds of lanthanide elements. Furthermore, according to the above viewpoint of similar element coexistence which can be beneficial to improve the GFA, the similar element pair of Co and Cu was chosen to further improve the GFA of this La-Ce based metallic glasses. The influence of substitution of Cu for Co in (La 0:5 Ce 0:5 ) 65 Al 10 (Co 1Àx Cu x ) 25 alloys on thermal stability and melting behavior was evaluated in detail. Finally, an optimized composition, (La 0:5 Ce 0:5 ) 65 Al 10 (Co 0:6 -Cu 0:4 ) 25 , with a higher GFA, which is identified by the formation of glassy rods up to at least 25 mm in diameter, was found out according to the indicator of high GFA, i.e. the high reduced glass transition temperature T g =T l 0 (T g is the glass transition temperature; T l 0 is the liquidus temperature determined by cooling procedure) and the large nominal supercooled degree ÁT l (ÁT l ¼ T l À T l 0 , in which T l is the liquidus temperature determined by heating procedure).
Experimental Procedure
Alloy ingots of (La 0:5 Ce 0:5 ) 65 Al 10 (Co 1Àx Cu x ) 25 (0 x 1) were prepared by arc-melting the mixture of the rare earth metals (>99:5 mass%), Al (>99:99 mass%) Co (>99:9 mass%) and Cu (>99:9 mass%) in a highly pure argon atmosphere. In order to obtain the rod-shape specimens with different diameter sizes, two kinds of rapid solidification techniques were used. For the smaller rod-shaped samples ( 12 mm in diameter), the ingots were remelted in a quartz tube and then injected into a copper mold at a pure argon atmosphere to produce glassy rods. For the larger rod-shaped samples (>12 mm in diameter), the ingots were remelted in a quartz cup using a tilting induction furnace and then the molten alloys were poured into a copper mold to produce glassy rods in a pure argon atmosphere. Phase structure of the samples was examined by X-ray diffraction (XRD) using a Bruker AXS D8 X-ray diffractometry with Cu-K radiation at a scanning rate of 1 degree/minute. Thermal stability of the glassy samples was investigated by a NETZSCH DSC 404 C Differential Scanning Calorimeter (DSC) at a heating rate of 0.33 K/s. Melting and solidification behaviors of these alloys were also characterized by DSC at a heating and cooling rate of 0.33 K/s. In order to investigate the coexistence effect of La and Ce on thermal properties, the crystallization, melting and solidification behaviors of the (La 0:5 Ce 0:5 ) 65 Al 10 Co 25 sample were evaluated by DSC, shown in Fig. 3 . The thermal parameters, such as T g (the glass transition temperature), T x (the onset temperature of crystallization), T m (the melting temperature), (a) (b) 19, 20) of this glassy alloy are listed in Table 1 . Comparing with the former thermal data of La 65 Al 10 Co 25 and Ce 65 Al 10 Co 25 , 5) it indicates that among the three glassy alloys (La 0:5 Ce 0:5 ) 65 Al 10 Co 25 exhibits strongly depressed liquidus temperature and the largest T g =T l (0.55), which can be responsible for the obvious improvement of GFA through similar element substitution.
In order to further improve the GFA of this kind of La-Ce based metallic glasses, basing on the former study of similar element substitution, 5, 21) we chose Cu as the similar element to substitute for solute Co in (La 0:5 Ce 0:5 ) 65 Al 10 (Co 1Àx Cu x ) 25 alloys because Cu and Co are the neighboring elements listed in the same period of the periodic table of the elements. Firstly, the glassy rods of (La 0:5 Ce 0:5 ) 65 Al 10 (Co 1Àx Cu x ) 25 alloys (0 x 1) of 2 mm in diameter were produced. The glassy structure of these samples was confirmed by XRD. The glass transition, crystallization and melting behaviors of these alloys were studied by the DSC at a heating and cooling rate of 0.33 K/s, shown in Fig. 3 . The thermal parameters were also listed in Table 1 Table 1 . We also evaluated the d c of this alloy. However the glassy rods of this alloy can only be produced up to 8 mm in diameter. So these two criteria, ÁT x and , are not well effective to evaluate the GFA of these rare earthbased BMGs like our former report. as solute elements has significant positive effect on the GFA of BMGs. We suggest that the strongly depressed liquidus temperature caused by the similar element coexistence of LaCe and Co-Cu in multicomponent alloys is responsible for the improvement of GFA in the resulting alloys.
Conclusions
In this paper, a ''simple'' pseudo-ternary (La 0:5 Ce 0:5 ) 65 -Al 10 Co 25 alloy with high glass-forming ability (GFA) was developed. The glassy rod of this alloy can be produced up to 12 mm in diameter by copper mold casting. Comparing with 
